DYT1 is the most common inherited dystonia. Currently, there are no preventive or curative therapies for this dominantly inherited disease. DYT1 dystonia is caused by a common three-nucleotide deletion in the TOR1A gene that eliminates a glutamic acid residue from the protein torsinA. Recent studies suggest that torsinA carrying the disease-linked mutation, torsinA(⌬E) acts through a dominantnegative effect by recruiting wild-type torsinA [torsinA(wt)] into oligomeric structures in the nuclear envelope. Therefore, suppressing torsinA(⌬E) expression through RNA interference (RNAi) could restore the normal function of torsinA(wt), representing a potentially effective therapy regardless of the biological role of torsinA. Here, we have generated short hairpin RNAs (shRNAs) that mediate allele-specific suppression of torsinA(⌬E) and rescue cells from its dominant-negative effect, restoring the normal distribution of torsinA(wt). In addition, delivery of this shRNA by a recombinant feline immunodeficiency virus effectively silenced torsinA(⌬E) in a neural model of the disease. We further establish the feasibility of this viral-mediated RNAi approach by demonstrating significant suppression of endogenous torsinA in mammalian neurons. Finally, this silencing of torsinA is achieved without triggering an interferon response. These results support the potential use of viral-mediated RNAi as a therapy for DYT1 dystonia and establish the basis for preclinical testing in animal models of the disease.
Introduction
DYT1 dystonia is the most common form of hereditary dystonia. This dominantly inherited disorder usually presents during childhood as localized involuntary muscle contractions that subsequently generalize, resulting in a disabling motor phenotype (Fahn et al., 1998) . To date, there is no effective treatment for DYT1 dystonia. DYT1 dystonia is caused by a 3 bp deletion in TOR1A, resulting in the loss of a glutamic acid residue in torsinA (Ozelius et al., 1997) . TorsinA is an ATPase associated with diverse cellular activities (AAA) protein (Hanson and Whiteheart, 2005 ) that resides primarily in the endoplasmic reticulum (ER) (Hewett et al., 2000; Kustedjo et al., 2000) . Interestingly, the mutant form of torsinA [torsinA(⌬E)] accumulates in the nuclear envelope (NE), leading to the formation of NE-derived membranous inclusions known as spheroid bodies that accumulate in the cytoplasm (Gonzalez-Alegre and Paulson, 2004; Goodchild and Dauer, 2004; Naismith et al., 2004) . Despite this recent discovery, the normal function of torsinA and its role in disease pathogenesis remain unknown.
Based on the known properties of other AAA proteins, torsinA is predicted to function as an oligomeric structure and torsinA(⌬E) to act through a dominant-negative effect (Breakefield et al., 2001; Torres et al., 2004; Hanson and Whiteheart, 2005) . This hypothesis is experimentally supported by recent reports Naismith et al., 2004; Torres et al., 2004) . Therefore, silencing expression of torsinA(⌬E) represents a potentially useful therapy. However, because the function of wild-type torsinA [torsinA(wt)] remains unknown, specific suppression of torsinA(⌬E) while preserving levels of torsinA(wt) might be required. The importance of allele specificity is underscored by the perinatal lethality of torsinA-null mice .
RNA interference (RNAi) is a cellular pathway for posttranscriptional gene silencing (Mello and Conte, 2004) . The ability to manipulate RNAi in the laboratory is being exploited to develop novel therapies for human disease Stevenson, 2004) . There are several reasons why DYT1 dystonia is an ideal disease in which to explore therapeutic RNAi-mediated gene silencing. First, because DYT1 likely results from a dominant-negative effect, a reduction in torsinA(⌬E) would restore the normal function of torsinA(wt). Second, using in vitrosynthesized short interfering RNA (siRNA), we have previously demonstrated that the 3 nt difference between wt and mutant alleles is sufficient to permit specific silencing of the mutant gene (Gonzalez-Alegre et al., 2003) . Third, because DYT1 dystonia is caused by a single common mutation, this therapeutic approach would be applicable to all patients. Fourth, as a disorder of neuronal function rather than neuronal loss, the DYT1 dystonia phenotype may be reversible. Finally, current therapies available for DYT1 dystonia are of limited efficacy.
Here, we have generated short hairpin RNAs (shRNAs) that mediate allele-specific silencing of torsinA(⌬E) and rescue cells from its dominant-negative effect, and established the feasibility of this approach by suppressing expression of endogenous torsinA in mammalian neurons without triggering an interferon response. These results support the potential of viral-mediated RNAi as a therapeutic strategy for DYT1 dystonia.
Materials and Methods
Plasmid and virus construction. The various torsinA expression plasmids used for this study have been described previously (Gonzalez-Alegre et al., 2003) . To generate the U6shRNA constructs, we used a PCR-based approach described previously (Harper et al., 2005) , with primers designed to generate the different hairpins shown in Figure 1 : five hairpins targeting torsinA(⌬E) (U6shTAmut1-5) and three control hairpins, one targeting torsinA(wt) (U6shTAwt), one targeting a sequence common for both for human and murine torsinA (U6shTAcom), and a mismatched sequence not targeting either allele as shown previously (U6shTAmis) (Gonzalez-Alegre et al., 2003) . The PCR product was ligated into the pCR2.1 vector using the TOPO-TA Cloning kit (Invitrogen, San Diego, CA) and the product verified by sequencing. GFP-guide and GFP-passenger expression vectors were generated by PCR amplification of enhanced green fluorescent protein (eGFP), fused to the sequences described in Figure 7 . The PCR product was then inserted into the multiple cloning site of pcDNA3.1 (Invitrogen). Additional plasmids included GFP-Q19 (GFP fused to a stretch of 19 glutamines), torsinA(wt)-GFP (a kind gift from Dr. P. Hanson, Washington University, St. Louis, MO) (Naismith et al., 2004) , and HA-torsinA(⌬E) (Gonzalez-Alegre et al., 2003) . Feline immunodeficiency virus (FIV) pseudotyped with VSV-G (vesicular stomatitis virus G) were generated by the Gene Transfer Vector Core of the University of Iowa (www.uiowa.edu/ϳgene/) as described previously (Brooks et al., 2002) . In summary, HEK293 cells were transfected with vector, envelope, and packaging plasmids, followed by collection of supernatants and particle concentration. The vector plasmid was based on the pVETL backbone containing a GFP reporter gene driven by a cytomegalovirus (CMV) promoter as shown in Figure 2 A. The hairpin was digested out of pCR2.1 using EcoRI, and ligated into the PmeI site of pVETL(CMV)GFP.
Cell culture, transfection, and infection. Culture, maintenance, differentiation, and inducibility of PC6-3 torsinA(wt) and torsinA(⌬E) clonal cell lines have been reported previously (Gonzalez-Alegre and Paulson, 2004) . Cos7 cells were cultured as described previously (Gonzalez-Alegre et al., 2003) . Primary neuronal cultures were obtained from the cerebral cortex of embryonic day 16 wild-type B6C3F1/J mice (The Jackson Laboratory, Bar Harbor, ME) as described previously (Meberg and Miller, 2003) with minor modifications.
Transient transfections were performed using Lipofectamine Plus (Invitrogen) according to the manufacturer's instructions in 6-or 12-well plates with cells at 70 -90% confluence. For transient cotransfection of torsinA-and shRNA-expressing constructs, we used a shRNA:target molar ratio of 2-3:1. For infection with recombinant FIV, the virus was diluted in serum-free OptiMEM (Invitrogen) and cells were infected at a multiplicity of infection of 10 or 25 for 3 h, replacing it then with serumcontaining media. To activate the interferon response, the corresponding cells in 12-or 24-well dishes were incubated with 50,000 or 100,000 U of interferon ␣2a (Santa Cruz Biotechnology, Santa Cruz, CA), respectively, for 12 h before harvesting.
Western blot analysis. Denatured total cell lysates were obtained at the indicated times, run in SDS-PAGE, transferred to nitrocellulose membranes, and blotted using various antibodies as described previously (Gonzalez-Alegre et al., 2003) . For quantification experiments, the resulting blots were scanned, and the pixel count and intensity of immunoreactive bands were quantified using the Scion Image software (Scion, Frederick, MD) (Gonzalez-Alegre et al., 2003) . We normalized the torsinA signals based on the amount of protein loaded (using the ␣-tubulin signal as an internal reference) and expressed the result as a percentage of the signal obtained in the control lane.
The following antibodies were used to detect torsinA in immunoblots:
for overexpressed torsinA, a polyclonal rabbit antiserum generated against a torsinA-maltose-binding protein fusion protein or mouse monoclonal DMG10 (1:1000); and for endogenous protein, mouse monoclonal DM2A8 (1:250) (all a kind gift from Dr. V. Ramesh, Massachusetts General Hospital, Boston, MA) (Sharma et al., 2005) . Other antibodies used were mouse monoclonal anti-RNA-regulated protein kinase (PKR), rabbit polyclonal anti-signal transducer and activator of transcription 1 (STAT1) and goat polyclonal anti-phosphorylated STAT1 (all from Santa Cruz), mouse monoclonal anti-␣-tubulin (Sigma), mouse monoclonal anti-GFP (MBL, Woburn, MA), and mouse monoclonal 12CA5 [anti-hemagglutinin (HA)] (Roche, Basel, Switzerland).
Immunofluorescence. Cells were fixed in 4% paraformaldehyde in PBS, processed, and mounted in slides as described previously (GonzalezAlegre and Paulson, 2004) . Fluorescence visualization of cells was performed with a Zeiss Axioplan fluorescence microscope (Zeiss, Thornwood, NY), and digital images were collected on red, green, and blue fluorescence channels using an Axiocam HRm (Zeiss) digital camera. Digital images were assembled using Adobe Photoshop 6.0.
To model the dominant-negative effect of torsinA(⌬E), PC6-3 torsinA(⌬E)-inducible cell lines were transiently transfected with torsinA(wt)-GFP. We randomly selected 100 GFP-expressing cells per experiment and determined the percentage in which the GFP signal was recruited into cytoplasmic inclusions. This was performed with or without inducing torsinA(⌬E) transcription by the addition of doxycycline. To quantify the number of inclusions per cell, we randomly selected 50 cells with GFP-cytoplasmic inclusions and counted the number of inclusions per cell, grouping them as follows: Ͻ3, 3-5, 6 -10, and Ͼ10 inclusions/cell. All quantification results are expressed as mean Ϯ SD.
Results

Allele-specific suppression of torsinA(⌬E)
Based on the target sequence identified in our previous study using in vitro-synthesized siRNA (Gonzalez-Alegre et al., 2003), we designed and constructed a hairpin transcribed from a U6 promoter to target torsinA(⌬E) specifically (U6shTAmut) (Fig.  1 A) . Coexpression of U6shTAmut with HA-torsinA(⌬E) in Cos7 cells showed potent suppression of torsinA(⌬E) levels measured by Western blot analysis ( Fig. 1 B) . However, when cotransfected with torsinA(wt)-GFP, this shRNA partially silenced torsinA(wt) ( Fig. 1 B, D) and therefore lacked silencing specificity. To optimize allele specificity, we screened four additional U6shRNAs for specific targeting of torsinA(⌬E) (shTAmut2-5) ( Fig. 1 A) . Although U6shTAmut2 preferentially silenced torsinA(⌬E), it lacked robust specificity much like U6shTAmut. In contrast, U6shTAmut3, -4, and -5 induced potent silencing of torsinA(⌬E) without interfering with torsinA(wt) expression (Fig. 1C,D ). U6shTAmut3 and -4 have an identical targeting sequence and differ only in the loop region ( Fig. 1 A) . We did not find a significant difference in silencing efficacy between these two, suggesting that the use of either loop does not influence the efficacy or specificity of the construct. Because of constraints derived from the primary sequence of the targeted gene, U6shTAmut3 and -4 encode a potential premature U6 termination of transcription signal (TTTTT) in their sense strand. However, their silencing efficacy was similar to U6shTAmut5, suggesting the entire hairpin was transcribed. Although it is possible that the proximity of this sequence to the initiation of transcription complex precluded transcriptional termination, we elected to use U6shTAmut5 to avoid the potential problem of generating truncated transcripts. We also designed a hairpin targeting a sequence shared by mouse and human torsinA upstream of the area of the deletion (U6shTAcom). As shown in Figure 1 , C and D, U6shTAcom potently suppressed expression of both alleles.
To further demonstrate allele specificity, we designed experiments to coexpress U6shTAmut5 with wt and torsinA(⌬E) and determine the preferential target when exposed to both alleles. We first cloned U6shTAmut5 into pEVTL(CMV)GFP, the shuttle vector subsequently used to generate recombinant FIV (Fig. 2 A) , and then cotransfected this construct into Cos7 cells concurrently with torsinA(wt)-GFP and HA-torsinA(⌬E). The different tags allow us to distinguish the two forms of torsinA by their different molecular weights and use of specific antibodies. As shown in Figure 2 , B and C, U6shTAmut5 showed exquisite preference for the mutated allele even in the presence of torsinA(wt), demonstrating that the 3 nt difference allows the shRNA to specifically silence the targeted message. In contrast, U6shTAcom robustly silenced both alleles.
RNA-mediated rescue of torsinA(wt) recruitment into spheroid bodies
Although much remains to be learned about the function of torsinA, it is clear that the glutamic acid deletion causes torsinA(⌬E) to be accumulated in the NE, where it recruits torsinA(wt), likely through a dominant-negative effect (Gonzalez-Alegre and Paulson, 2004; Goodchild and Dauer, 2004; Naismith et al., 2004) . We previously generated inducible neural cell lines to study torsinA biology. In these clonal cell lines, the addition of doxycycline to the culture media induces the synthesis of either torsinA(wt) (which diffusely distributes throughout the ER) or torsinA(⌬E) (which relocalizes to the NE, leading to the formation of NEderived cytoplasmic inclusions known as spheroid bodies) (Gonzalez- Alegre and Paulson, 2004) . To model and quantify the potential dominant-negative effect of torsinA(⌬E), we transiently transfected these cell lines with torsinA(wt)-GFP. TorsinA(wt)-GFP is normally detected by fluorescence microscopy as a diffuse cytoplasmic signal consistent with ER localization, although some cells develop a small number of cytoplasmic inclusions (Fig. 3A) . However, when torsinA(⌬E) expression was induced, the GFP signal was recruited to multiple spheroid bodies in most cells (Fig. 3 A, D) , providing an easily quantifiable phenotype of the recruitment of torsinA(wt) by torsinA(⌬E).
Based on the findings described in Figure 2 , we hypothesized that RNAi suppression of torsinA(⌬E) by U6shTAmut5 would rescue the recruitment of torsinA(wt)-GFP into spheroid bodies. As shown in Figure 3 , B and D, U6shTAmut5 partially reversed the recruitment of GFP into cytoplasmic inclusions. Furthermore, in cells still containing GFP inclusions, the number was restored to control levels (Fig. 3C) . We conclude that U6shTAmut5 selectively silences torsinA(⌬E) and rescues the recruitment of torsinA(wt) into spheroid bodies, restoring its normal subcellular localization and presumably allowing it to perform its normal function.
Silencing torsinA using recombinant FIV
We inserted the therapeutic shRNA into a vehicle capable of delivery to CNS neurons. We used FIV because of its proven ability to transduce neurons in vivo, its capacity to mediate nuclear access of the encoded transgene, its capability to integrate in the host genome leading to long-term gene expression, and the fact that it is not a human pathogen (Davidson and Breakefield, 2003) . If successful, this virus could be considered for testing in animal and human trials. FIV vectors were engineered to coexpress eGFP (FIVeGFP), which enabled simultaneous monitoring of delivery and efficacy of silencing in transduced cells. We generated FIVeGFP encoding U6shTAmut5 or U6shTAcom. The inducible torsinA(⌬E) cell lines were infected with these viral vectors, with vector expressing only GFP serving as a control. Transduction efficiency was Ͼ90% as determined by the presence of GFP signal detected by immunofluorescence (not shown). As shown in Figure 4 , A and B, U6shTAmut5 strongly suppressed torsinA(⌬E) expression as measured and quantified by Western blot analysis. We previously showed the presence of a higher molecular weight torsinA-immunoreactive band in the nuclear fraction of cells overexpressing torsinA(⌬E). As suggested before (Gonzalez-Alegre and Paulson, 2004) , this band could represent aberrant torsinA oligomers in the NE, although this remains to be proven. As shown in Figure 4 A, silencing torsinA(⌬E) reduced the levels of this band (Fig. 4 A, arrowhead) , likely reflecting decreased accumulation of torsinA(⌬E) in the NE. If torsinA(⌬E) is not accumulating in the NE, spheroid bodies should not be generated. We quantified the number of cells containing spheroid bodies by immunofluorescence, confirming a dramatic reduction in cells treated with FIVeGFP.shTAmut5 (Fig. 4C,D) . Interestingly, we detected increased diffuse torsinA signal seen in cells treated by FIVeGFP.shTAmut5, which may represent rescue of endogenous torsinA from recruitment into spheroid bodies (Fig. 4C) . These findings suggest that FIVeGFP-.shTAmut5 mediates potent silencing of torsinA(⌬E), preventing both its accumulation in the NE and the formation of spheroid bodies. FIVeGFP.U6shTAcom was also highly effective in reducing torsinA(⌬E) levels (Fig. 4 A, B) , demonstrating that this recombinant virus could prove useful as a research tool to suppress endogenous torsinA.
The above results demonstrate silencing of the targeted transcript in overexpression systems. Next, we sought to determine whether endogenous torsinA can be effectively suppressed in mammalian neurons by RNAi, the situation we would encounter when treating human disease. We chose to silence torsinA in primary neuronal cultures derived from wild-type mice using U6shTAcom. Five days after infection with the different FIV vectors, primary neurons were harvested for protein analysis. The results demonstrate significant silencing of endogenous torsinA by FIVeGFP.U6shTAcom, whereas viruses encoding U6shTAmut5 or only GFP did not reduce torsinA levels (Fig.  5 A, B) . Neurons transduced with FIVeGFP.U6shTAcom, and therefore GFP-positive, also displayed reduced torsinA immunostaining (Fig. 5C) . Thus, endogenous torsinA can be efficiently suppressed by FIV-delivered shRNAs in mammalian neurons. 
Assessing potential adverse effects of FIV-delivered RNAi
One advantage of manipulating posttranscriptional gene silencing with short, double-stranded RNAs is the theoretical lack of activation of the interferon response, a problem that has hindered the use of previous antisense oligonucleotides (Scherer and Rossi, 2003) . Although siRNAs shorter than 30 nt should not activate this pathway, experimental evidence in this area has been conflicting (Bridge et al., 2003; Sledz et al., 2003; Fish and Kruithof, 2004; Heidel et al., 2004; Pebernard and Iggo, 2004; Scacheri et al., 2004; Hornung et al., 2005; Judge et al., 2005) . The divergent results reported could reflect the different sequences targeted, the methodology used, the design of the hairpin, or the ability of the targeted tissue to develop an interferon response. Therefore, we directly assessed the state of the interferon response in cell types targeted with the different FIV vectors. As a positive control, nontransduced cells were treated with interferon-␣. PC6-3 cells treated with interferon-␣ displayed an upregulation of interferon-responsive genes, including PKR and STAT-1, and increased phosphorylation (activation) of STAT-1, demonstrating the ability of this cell line to activate this pathway (Fig. 6 A) . However, transduction with the various FIV vectors did not measurably increase expression of those proteins, despite achieving effective target silencing (Fig. 6 A) . Nevertheless, lack of RNAi-induced activation of the interferon response in this immortalized cell line does not ensure that we would not encounter that problem in the CNS, where a glial-based immune surveillance system could be more sensitive to such intervention. However, when the same recombinant viruses were used to transduce primary neuronal cultures, which also contain glial cells, expression of the interferon-responsive genes remained unchanged (Fig. 6 B) . In summary, these findings suggest that FIV-delivered shRNA can mediate silencing of torsinA in brain tissue without triggering an interferon response.
Additional potential problems with this therapeutic approach are off-target effects independent of an interferon response and the risk of overly occupying the endogenous RNAi machinery with exogenous shRNA. Although siRNA are double stranded, only one strand (antisense or guide) mediates degradation of the targeted message; the complementary (passenger) strand should be degraded rather than incorporated into the silencing complex. Preferential incorporation of the antisense strand into the RNA-induced silencing complex (RISC) should improve silencing efficacy and minimize possible adverse effects caused by incorporation of the passenger strand into RISC. Evidence suggests that the thermodynamic stability of base-pairing at the 5Ј end of each siRNA strand determines which one participates in the RNAi pathway (Khvorova et al., 2003; Schwarz et al., 2003) . The thermodynamic profile of our allelespecific hairpins [assessed with the Sfold software (http://sfold. wadsworth.org)] (Ding et al., 2004) favors incorporation of the antisense strand into the RISC complex (data not shown). To test this experimentally, we designed a system to indirectly measure each strand's participation in the RNAi pathway. To generate a reporter construct that assesses antisense strand-mediated silenc- ing, we inserted the targeted sequence of torsinA at the 3Ј end of GFP cDNA (Fig. 7A) . A second construct to test passenger strand-mediated silencing was generated by placing the complementary (template) strand of the targeted region of torsinA at the 3Ј end of GFP (Fig. 7A) . The first construct (GFP-guide) represents a target for the antisense strand of our torsinA shRNA, whereas the second construct (GFP-passenger) would be target for the passenger strand. Ideally, torsinA shRNA would silence the GFP-guide and not the GFP-passenger construct. As a negative control, we used U6shTAcom, because the sequence targeted by this hairpin is not included in either reporter construct. Both reporter constructs were expressed at similar levels in Cos7 cells and displayed a diffuse cellular distribution by fluorescence microscopy (data not shown). As shown in Figure 7 , B and C, and as predicted from the thermodynamic stability analysis, the different U6shTAmut constructs preferentially silenced GFP-guide, with minor to no effect on GFP-passenger levels. These results document preferential participation of the antisense strand in the RNAi pathway, therefore potentially minimizing shRNA-derived adverse effects.
Discussion
In this study, we generated a lentivirus vector that potently and specifically silences torsinA(⌬E), and established its therapeutic potential for DYT1 dystonia. This conclusion is supported by the demonstration of robust, allele-specific silencing of human torsinA(⌬E), which prevented its accumulation in the NE and the formation of spheroid bodies, and rescued cells from a dominant-negative effect of torsinA(⌬E) over torsinA(wt). In addition, viral-mediated delivery of this hairpin in neuronal cells was highly efficient and suppressed endogenous torsinA expression in mammalian neurons without triggering an interferon response. With these results, we have created the tools required to test in vivo the therapeutic value of RNAi in animal models of DYT1 dystonia.
Recent studies have shown successful silencing of neurodegenerative disease genes in vivo, with improvement in behavioral and pathological phenotypes in animal models (Xia et al., 2004; Harper et al., 2005; Ralph et al., 2005; Raoul et al., 2005) . However, DYT1 dystonia is a disorder of neuronal dysfunction rather than of neuronal loss, suggesting potential reversibility of the disease phenotype. Therefore, we predict that, using the vector generated in this study, we could achieve significant suppression of torsinA(⌬E) expression in vivo, reversing the molecular abnormalities that lead to neuronal dysfunction in DYT1 dystonia.
Allele-specific silencing of torsinA(⌬E) DYT1 dystonia is caused by a single common mutation in torsinA that probably exerts a dominant-negative effect on torsinA(wt), recruiting it to the NE. Based on our the current understanding of how AAA proteins function, the most likely model of torsinA action is that it forms oligomeric rings bound to ATP, interacts with substrate proteins, and mediates a conformational change in the substrate protein on ATP hydrolysis, resulting in release of the substrate and disassembly of the complex (Hanson and Whiteheart, 2005). The presence of torsinA(⌬E) in oligomers likely prevents them from completing the cycle, rendering them in a "locked state." This is supported by the finding that a dominantnegative form of torsinA, able to bind but not hydrolyze ATP, also accumulates in the NE Naismith et al., 2004) . Preferential suppression of torsinA(⌬E), as shown here, would restore functional torsinA(wt) oligomers, allowing them to carry out their as-yet-unknown biological function. In demonstrating that specific silencing of torsinA(⌬E) allowed torsinA(wt) to regain its normal distribution, we have provided strong experimental support for this view. Thus, the therapeutic approach explored in this study is potentially applicable to DYT1 dystonia, although the function of torsinA remains unknown.
Allele-specific silencing of neurological disease-causing genes has not been accomplished in vivo yet. To achieve that goal in DYT1 dystonia, we will need to employ genetically engineered animals. Although transgenic mice expressing human torsinA(⌬E) are clearly very important for torsinA research, the sequence differences between human and mouse torsinA preclude an in vivo analysis of allele specificity. Furthermore, they would not be able to demonstrate effective silencing of endogenously expressed torsinA, because the target would be an overexpressed transgene. To verify allele-specific silencing of endogenous torsinA(⌬E), we will need to wait for the characterization of knock-in models of DYT1 dystonia. Nevertheless, we have successfully silenced endogenous torsinA in mouse neurons. Together with the demonstration of allele specificity, we have provided enough evidence to predict that U6shTAmut5 will selectively silence endogenously expressed torsinA(⌬E) in vivo. Furthermore, our nonspecific hairpin could be used to study the normal function of torsinA in vivo.
Generating a recombinant lentivirus to silence torsinA in vivo
For successful therapeutic silencing, we will need to selectively suppress torsinA(⌬E) and restore the normal distribution of torsinA(wt) in the neurons responsible for the development of the disease. Functional studies performed in DYT1 patients suggest that the striatum is the most likely area of dysfunction (Walker and Shashidharan, 2003) and therefore the anatomical target. FIV effectively transduces neurons in the basal ganglia (Davidson and Breakefield, 2003) , as demonstrated by reversing pathology in an animal model of lysosomal storage disease after gene replacement in the striatum (Brooks et al., 2002) . If knock-in models of DYT1 dystonia display a measurable phenotype, silencing the mutant allele with these tools will serve to define the brain region responsible for DYT1 dystonia.
Assessing potential adverse effects of RNAi-mediated silencing in neuronal cells
The recent studies demonstrating effective silencing of diseasecausing genes in the CNS have not directly addressed the potential adverse effects derived from this therapy (Xia et al., 2004; Harper et al., 2005; Ralph et al., 2005; Raoul et al., 2005) . One concern is that the activation of an interferon response could cause nonspecific transcriptional and translational alterations. FIV does not trigger a significant immune response in the brain (Davidson and Breakefield, 2003) . Furthermore, FIV preferentially transduces neurons, avoiding potential interferon response activation by transduced glial cells. In this study, we demonstrated that neither the viral vector nor the shRNAs used trigger this protective pathway. Moreover, we designed a novel system that demonstrated preferential antisense strand participation in the silencing pathway, thus minimizing the potential off-target effects that could be mediated by the passenger strand. However, this result does not rule out other possible off-target effects by, for example, co-opting the RNAi machinery. These factors will need to be further addressed in future studies in vivo, to assess the safety of this approach before planning human trials.
In conclusion, we have generated a therapeutic lentiviral vector for DYT1 dystonia and demonstrated its efficacy in neuronal cells, thus establishing the basis for future preclinical studies in animal models of DYT1 dystonia.
